INTRODUCTION
One of the major goals of researchers in acoustic emission (AE) is to be able to characterize AE sources and material failure mechanisms.
AE signal characteristics such as energy, event and oscillation counts, rise and decay times, amplitude distribution, and spectral frequency distribution may be related to the strain waves which are generated by the source. Spectral frequency analysis is among the more promising techniques for assisting the characterization of AE sources.
Graphite fiber polymeric composites comprise a group of modern materials which combine high specific strength and stiffness to an extent unattainable in most conventional metals. The primary AE source mechanisms during composite deformation are (1) fracture of fiber, (2) fracture of matrix, ( 3 ) fiber-matrix debonding, ( 4 ) relaxation of fibers if they fracture, and (5) fiber pull-out against friction during composite rupture. Because some of these failure modes may be structurally more important than others and because graphite fiber polymeric composites often fail in a brittle manner, a knowledge of the source mechanism is more than academic.
The work reported here is a limited part of an overall program t study the AE characteristics of graphite fiber polymeric composites. The purpose of this paper is to illustrate the use of a particular statistical analysis procedure which may be useful in establishing quantitative AE spectral analysis measures which can distinguish specimens exhibiting different predominant failure mechanism, and thus distinguish the different source mechanisms.
ACOUSTIC . ~~ ~~ ~ -~ EMISSION SPECTRAL ANALYSIS OF FIBER COMPOSITES
Review o f L i t e r a t u r e -An e x t e n s i v e review and summary o f t h e l i t e r a t u r e r e l a t i n g t o t h e AE m o n i t o r i n g o f f i b e r c o m p o s i t e materials a n d s t r u c t u r e s were conducted by W i l l i a m s [l] . F o r t h e p u r p o s e s o f t h i s p a p e r , t h e p r e v i o u s work on AE s p e c t r a l a n a l y s i s o f f i b e r c o m p o s i t e s w i l l b e b r i e f l y r e v i e w e d .
I n o b s e r v i n g t h e a c o u s t i c e m i s s i o n f r o m g r a p h i t e e p o x y s p e c i m e n s ,
Mehan a n d M u l l i n [ 2 ] s t a t e d t h a t a c o u s t i c e v e n t s o c c u r r e d i n t h e f r e q u e n c y range below 20 H z , a n d t h a t e a c h f a i l u r e mechanism had a d i f f e r e n t c h a r a c t e r i s t i c s i g n a t u r e . S p e a k e a n d C u r t i s
[ 3 ] r e p o r t e d a wide spectrum of 30-130 kHz w i t h several i n t e r m e d i a t e d i s c r e t e f r e q u e n c i e s f o r n o t c h e d g r a p h i t e r e i n f o r c e d p l a s t i c s a n d a spectrum of O(dc)-70 kHz w i t h i n t e rm e d i a t e d i s c r e t e f r e q u e n c i e s f o r w a i s t e d s p e c i m e n s o f t h e same material.
They observed that higher frequency components became more a p p a r e n t as specimen rupture w a s approached but that no apparent change in the dominant f r e q u e n c i e s o c c u r r e d . Mehan and Mullin [2, 4] further showed that different AE signatures were produced for fiber fracture, matrix fracture and debonding in boron epoxy composites and that all were in the range from 0.5-16 kHz. Low fiber volume fraction composites had discrete frequencies in the 0.6-6 kHz range with dominant frequencies at 1, 2 . 2 and 3 kHz, whereas high fiber volume fraction composites produced a dominant frequency of 4.7 kHz.
Pipes et al. [8] reported that the spectral content of the AE from boron aluminum composites that deformed primarily by transverse tension was unaffected by using two different transducers with a 0.1-0.
MHz filter and a 0.1 MHz-Hp filter, respectively. On the other hand, specimens that deformed with large inplane shear produced quite different spectra for the same transducer-filter substitution. We interpret these results to suggest that the AE due to transverse tension contained frequencies which were primarily in the 0.1-0. is the results of such an effort that we report in this paper. 
Spectral Analysis Procedures
AE generated just prior to each specimen's rupture were spectrally analyzed in an attempt to identify any characteristic spectral signatures. It is important to note that each recorded AE event was actually superposed onto some level of background noise. Thus, we were motivated to attempt to separate the spectrum of the AE event from the spectrum of the background noise upon which the AE event spectrum was superposed.
Assuming that an AE event and the background noise were independent random variables with no correlation, the "separation" of the AE event's spectrum from the system background noise spectrum was accomplished as suggested by Newland [ 9 ] . First, a sample of system background noise was o b t a i n e d . T h i s n o i s e s a m p l e was t a k e n j u s t p r i o r t o t h e AE e v e n t t o b e analyzed and i t w a s t a k e n f o r a n e q u a l t i m e d u r a t i o n as t h e g a t e d AE e v e n t . The mean s q u a r e s p e c t r a l d e n s i t y of t h e s y s t e m b a c k g r o u n d n o i s e w a s g e n e r a t e d , m a i n t a i n i n g a l l t h e c o n t r o l s e t t i n g s t h e same as t h o s e u s e d f o r p r o c e s s i n g t h e AE e v e n t p l u s i t s accompanying superposed noise.
The mean s q u a r e s p e c t r a l d e n s i t y o f t h e AE e v e n t was t h e n o b t a i n e d by s u b s t r a c t i n g t h e s y s t e m b a c k g r o u n d n o i s e s p e c t r u m f r o m t h e s p e c t r u m o f
t h e AE e v e n t p l u s s u p e r p o s e d n o i s e . E x t e n s i v e d e t a i l s o f t h e e q u i p m e n t , s p e c i m e n s a n d test procedures are g i v e n by Egan [lo] .
RESULTS

Fracture and Typical AE Results
Both fracture characterizations and a number of typical AE measures were obtained. These included analyses of scanning electron microscopy of the fracture surfaces, failure modes (Table 11 , and ultimate loads ( The arithmetic universal mean is denoted by p, and the observations (the values of the mean normalized spectra) are designated as X which are sampled at 68 different frequencies, uniformly distributed over the bandwidth between 125 kHz and 800 kHz. The choice of 0.74 as the level of significance was made after examining its impact upon the sample spectra and thus represents an arbitrary choice which is subject to discretion. Table 3 gives the percentage of specimen pair comparisons for which the hypothesis was accepted; the higher the number in the table, the more similar the spectra. With the exception of 0" -0" comparisons, like-specimen comparisons result in a higher percentage of hypothesis acceptances than unlike-specimen comparisons.
The 0" -0" exception might be related to the relatively large scatter in the 0" specimens' rupture loads as shown i n Table 2 .
CONCLUSIONS AND RECOMMENDATIONS
A program t o i n v e s t i g a t e t h e a c o u s t i c e m i s s i o n o f g r a p h i t e f i b e r p o l y i m i d e c o m p o s i t e f a i l u r e mechanisms has been conducted. Although a number of AE m e a s u r e s h a s b e e n i n v e s t i g a t e d , AE s p e c t r a l e n e r g y a n a l y s i s h a s b e e n s t u d i e d e x t e n s i v e l y w i t h a n e m p h a s i s o n t h e . s t a t i s t i c a l d i st i n c t i o n of AE which were g e n e r a t e d b y d i f f e r e n t t y p e s of composites and t h u s d i f f e r e n t t y p e s o f f r a c t u r e mechanisms. B e c a u s e o f t h e h i g h i m p r o b a b i l i t y t h a t d i r e c t c o m p a r i s o n of i n d i v i d u a l AE e v e n t s c a n r e s u l t i n q u a n t i t a t i v e s o u r c e d i s c r i m i n a t i o n m e a s u r e s , i n d i v i d u a l AE e v e n t s p e c t r a l d e n s i t i e s were combined t o d e r i v e mean n o r m a l i z e d s p e c t r a l d e n s i t i e s f o r e a c h s p e c i m e n . F u r t h e r m o r e , v i s u a l inspection of even the specimen mean normalized s p e c t r a l d e n s i t i e s s u g g e s t s l i t t l e r e g a r d i n g q u a n t i t a t i v e d i s t i n c t i o n s . A paired-sample t s t a t i s t i c a l c o m p a r i s o n of mean n o r m a l i z e d s p e c t r a l e n e r g y d i s t r i b u t i o n s a p p e a r s t o p r o v i d e q u a n t i t a t i v e s d i s c r i m i n a t i o n b e t w e e n t h e AE from lo", goo and [+45O, -+45"Is s p e c i m e n s . F o r t h e l i m i t e d e x p e r i m e n t a l d a t a o b t a i n e d , t h e p a i r e d -s a m p l e t t e s t c o u l d n o t a c h i e v e e i t h e r c o n c l u s i v e d i s t i n c t i o n o r u n i q u e r e c o g n i t i o n
of t h e AE from 0" specimens.
Because of the encouraging results which have been presented, w e recommend t h a t more s t a t i s t i c a l c h a r a c t e r i z a t i o n s of AE s p e c t r a b e p e rf o r m e d . T h i s w o u l d i n c l u d e t h e a n a l y s i s o f more AE e v e n t s t o o b t a i n b e t t e r estimates o f t h e mean n o r m a l i z e d s p e c t r a , a n d t h e u s e of o t h e r t y p e s o f s t a t i s t i c a l comparative tests. Also, t h e c o m p o s i t e d i s p e r s i o n a n d
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Shear and tensile intralaminar fracture of matrix followed by delamination and fiber fracture.
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